ABSTRACT Influence of irradiation and storage on the quality of ready-to-eat (RTE) turkey breast rolls was investigated. Commercial oven roasted turkey breast rolls purchased from local stores were sliced and vacuum packaged. The sliced samples were randomly divided into 3 groups and irradiated at 0, 1.0, or 2.0 kGy using a linear accelerator. Color, 2-TBA-reactive substances (TBARS), sensory characteristics, and volatiles were evaluated at 0, 7, and 14 d of storage. Irradiation increased color a* value of turkey breast rolls. Irradiation and storage did not influence TBARS values. Sensory evaluation
INTRODUCTION
Ready-to-eat (RTE) meat products are susceptible to environmental contamination with Listeria monocytogenes and other pathogens during handling of these products after cooking and before or during packaging. Recently, a nationwide recall of 27.4 million pounds of fresh and frozen RTE turkey and chicken products from Wampler Foods Inc. that may have been contaminated with L. monocytogenes has caused a huge economic loss (FSIS-USDA, 2002) . This indicates that there is an urgent need for intervention to eliminate pathogens in the packaged products. Irradiation is an effective way of eliminating pathogens in RTE cooked meat products (Thayer, 1995; Savvaidis et al., 2002) . Irradiation of packaged RTE meat products ensures the microbiological safety of these products, which in turn reduces costly product recalls and improves customer confidence in their safety. However, application of irradiation influences meat quality. The off-odor and color changes induced by irradiation are positively related to irradiation dose (Ahn et al., 1999 (Ahn et al., , 2000 . Sensory panels detected irradiation off-flavor when RTE turkey To whom correspondence should be addressed: duahn@iastate.edu. 
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showed that irradiation significantly increased sulfury flavor. Because a dramatic increase in sulfur compounds was detected in irradiated samples, the sulfury flavor should be due to the sulfur compounds formed during irradiation. Irradiation also increased the amounts of acetylaldehyde, 2-methyl butanal, 3-methyl butanal, benzene, and toluene. It was concluded that irradiation significantly influenced the odor and flavor of RTE turkey breast rolls under vacuum packaging conditions. Therefore, strategies to prevent negative changes in the quality of irradiated RTE turkey breast rolls are needed.
ham was irradiated at 2.0 kGy, but not at 1.0 kGy (Zhu et al., 2003) . Therefore, to prevent quality changes, a low dose of irradiation is preferred. At low dose, irradiation is still effective in killing pathogens, especially in combination with antimicrobial additives (Clavero et al., 1994; Sommers and Fan, 2003) . Thus, a low dose of irradiation was used in this study. Currently, limited information about the effects of irradiation on the quality of RTE turkey breast rolls is available. The objective of this study was to determine the effect of irradiation on the volatiles, sensory characteristics, color, and lipid oxidation in RTE turkey breast rolls.
MATERIALS AND METHODS

Sample Preparation
Commercial turkey breast rolls manufactured on the same day by a major poultry processor were purchased from local stores. The breast rolls were sliced into 0.5-cm thick pieces and vacuum packaged in low oxygenpermeable bags 2 (nylon/polyethylene, 9.3 mL of O 2 /m 2 per 24 h at 0°C). The sliced breast rolls were randomly divided into 3 groups and electron-beam irradiated at 0, 1, or 2 kGy using a linear accelerator. 3 The energy and power level used were 10 MeV and 10 kW, respectively, Abbreviation Key: RTE = ready-to-eat; TBARS = 2-TBA-reactive substances. and the average dose rate was 88.3 kGy/min. To confirm the target dose, 2 alanine dosimeters were attached to the top and bottom surface of a sample. The alanine dosimeter was read using a 104 electron paramagnetic resonance instrument. 4 The maximum absorbed doses were 1.15 kGy and 2.38 kGy; the minimum doses were 1.05 kGy and 2.02 kGy. After irradiation, RTE turkey breasts were stored at 4°C. Four packages of breast rolls per treatment were used to evaluate color, volatiles, and TBARS, and were analyzed at 0, 7, and 14 d, respectively. Sensory characteristics were determined after 5 d of storage.
Color Measurement
The surface color of RTE turkey breasts was measured in package using a Hunter LabScan XE colorimeter 5 that had been calibrated against black and white reference tiles covered with the same packaging materials as used for samples. The CIE L* (lightness), a* (red/green axis, where −a points to green and +a points to red), and b* (yellow/blue axis, where −b points to blue and +b extends to yellow) values were obtained using an illuminant A (light source). One color reading was taken from each side of sliced breast.
2-TBA-Reactive Substances Measurement
Five grams of minced breast was weighed into a 50-mL test tube and homogenized with 50 µL of butylated hydroxyanisole (7.2%) and 15 mL of deionized distilled water using a Polytron homogenizer 6 (Type PT 10/35) for 15 s at high speed. One milliliter of the meat homogenate was transferred to a test tube (13 × 100 mm) and mixed with 2 mL of TBA/trichloroacetic acid (15 mM TBA/15% TCA). The mixture was incubated in a boiling water bath for 15 min to develop color. Then, the sample was cooled in cold water for 10 min, and centrifuged for 15 min at 2,500 × g at 4°C. The absorbance of the resulting supernatant solution was determined at 531 nm against a blank containing 1 mL of deionized distilled water and 2 mL of TBA/trichloroacetic acid solution. The amount of 2-TBA-reactive substances (TBARS) was expressed in milligrams of malondialdehyde per kilogram of meat (Ahn et al., 1997) .
Volatiles Analysis
Volatiles of samples were analyzed using a Solatek 72 Multi-Matrix Vial Autosampler/Sample Concentrator 3100, 7 connected to a gas chromatography/mass spectrometer (model 6890/5973), 8 according to the method of Ahn and Lee (2002) . Two grams of minced turkey breast was placed in a 40-mL sample vial, and the vial was flushed with helium gas (99.999%) for 5 s at 40 psi. After capping with a Teflon-lined, open-mouth cap, the vial was placed in a refrigerated (4°C) sample tray.
To minimize oxidative changes, the maximum holding time in the sample tray before determination of volatiles was less than 5 h (Ahn et al., 1999) . Samples were heated to 40°C and purged with helium gas (40 mL/min) for 11 min. Volatiles were trapped with a Tenax/charcoal/silica trap column at 20°C, desorbed for 2 min at 220°C, concentrated using a cryofocusing unit at −90°C, and then desorbed into a gas chromatography column for 30 s at 220°C. An HP-624 column (15 m, 250 µm internal diameter, 1.4 µm nominal), an HP-1 column (60 m, 250 µm internal diameter, 0.25 µm nominal), and an HP-Wax column (7.5 m, 250 µm internal diameter, 0.25 µm nominal) were combined using zero-volume connectors and used for volatile analysis. A mass selective detector was used to identify and quantify volatile compounds in irradiated samples. The authentic standard was used for identification whenever available. The peak area was reported as the amount of volatiles released.
Sensory Evaluation
Twelve trained sensory panelists characterized the smell and flavor of RTE turkey breasts. Panelists, including faculty, staff, and students in the College of Agriculture, were selected based on interest, availability, and performance in screening tests conducted with samples similar to those being tested. Two training sessions were conducted. In the first session, panelists were asked to describe the sensory characteristics of odor and flavor, which were summarized into 4 attributes: sulfury, metallic, oxidized, and sweet. In the second session, panelists were trained to familiarize themselves with the described attributes, the scale to be used, and the range of intensities likely to be encountered during the study. A 5-point scale (1 = none, 2 = slight, 3 = medium, 4 = strong, and 5 = extremely strong) was used to describe the sensory characteristics. All samples were labeled with random 3-digit numbers and presented to panelists in random order. For sensory evaluation, panelists were asked to smell the samples and record the characteristics and intensity of smell perceived, and then taste the samples to determine flavor characteristics. Six samples were presented to panelists per session.
Statistical Analysis
A completely randomized design was used in this study. Individual package was considered as an experimental unit. Four packages of samples were used for each analysis. Data were analyzed by the GLM procedure of SAS (SAS Institute, 2000) . The differences in the mean values were compared by Tukey's multiple comparison method, and mean values and standard error of the means (SEM) were reported (P < 0.05). Means within a row with no common superscript differ significantly (P < 0.05).
x,y
Means within a column with no common superscript differ significantly (P < 0.05).
RESULTS AND DISCUSSION
Color and TBARS Values
Irradiation at 1.0 kGy and 2.0 kGy did not significantly affect color a* values at 0 and 7 d, but significantly increased a* values at 14 d (Table 1) . During refrigerated storage, a* values in 1.0-and 2.0 kGy-irradiated RTE turkey breast increased significantly at d 7 and 14, compared with those at d 0; this finding was in agreement with the redness changes of uncured raw and cooked meats after irradiation (Luchsinger et al., 1996; Millar et al., 2000; Du et al., 2001; Nam and Ahn, 2002) . In turkey ham, however, irradiation up to 2.0 kGy had only minor effects on color (Zhu et al., 2003) , which could be associated with the high intensity color of cured ham.
The TBARS values of RTE turkey breast did not change significantly at d 0 or after 14 d of refrigerated storage (Table 2) , because vacuum packaging prevented lipid oxidation during irradiation and refrigerated storage. Table 3 depicts the main volatile profiles of RTE turkey breast a few hours after irradiation and during storage. The production of acetaldehyde in all samples increased with storage time and irradiation dose. For the turkey breasts irradiated at 1.0 kGy, the amount of acetaldehyde at d 14 was significantly higher than that at d 0. For the turkey breasts irradiated at 2.0 kGy, the amount of acetaldehyde at d 7 and 14 was significantly higher than that of d 0. The amount of acetaldehyde in turkey breast irradiated at 2.0 kGy was significantly higher than that of turkey breast irradiated at 1.0 kGy and nonirradiated samples at d 7. At d 14, the amount of acetaldehyde in both 1.0-and 2.0 kGy-irradiated turkey breast was significantly higher than that of nonirradiated samples. Acetaldehyde is thought to give cooked meats a metallic flavor and is mainly derived from amino acid (Ahn, 2002) . In this study, the sensory score for the metallic flavor increased numerically, but not significantly, as the irradiation dose increased, which should be associated with the increased acetaldehyde (Table 4) . Irradiation also increased the production of 3-methyl butanal and 2-methyl butanal (Table 3) , which are thought to be the radiolytic products of leucine and isoleucine, respectively (Ahn et al., 2000) . There was no difference in hexanal content (Table 3) , which is consistent with TBARS results (Table  2) . Hexanal content in volatiles has been used as a marker for lipid oxidation and is related to TBARS value (Muguerza et al., 2003) . Irradiation with 1.0 and 2.0 kGy greatly increased the amount of dimethyl disulfide. The amount of dimethyl disulfide in turkey breast irradiated at 2.0 kGy was significantly higher than that treated at 1.0 kGy, which was significantly higher than that of nonirradiated breast (Table 3). Irradiation also induced other sulfur compounds but at lower amounts (data not shown). This is in agreement with the results from turkey ham (Zhu et al., 2003) and its sensory evaluation (Table 4) . Sensory panelists noted that the sulfury odor and flavor of turkey breasts irradiated at 2.0 kGy were stronger than those of nonirradiated meat, but no difference was detected between samples irradiated at 1.0 kGy and nonirradiated controls.
Volatiles and Sensory Evaluation
Irradiation of RTE turkey breast, especially at 2.0 kGy, significantly increased the production of benzene. The production of toluene in turkey breast was increased but to a lesser extent. Because benzene and toluene have negative effects on health (Pelclova et al., 2000; Bennett and Davis, 2002) , their formation during irradiation warrants further study to investigate the formation of these compounds. Benzene and toluene may be derived from packaging materials. However, benzene and toluene can also be generated from amino acids by irradiation (Ahn, 2002) . Recent work in our laboratory showed that irradiation of meat products containing benzoate produced high amounts of benzene (unpublished data). Thus, radiolysis of phenolic compounds might also contribute to the production of benzene in volatiles. Table 4 shows the sensory scores of RTE turkey breasts with different irradiation doses. The intensities of metallic, oxidation, and sweet odors increased as irradiation dose increased, but the increase was not significant ( Table TABLE 3 . The main volatiles (×10 4 ion counts) from ready-to-eat (RTE) turkey breast 0, 7, and 14 d after irradiation (n = 4) Means within a row with no common superscript differ significantly (P < 0.05).
x-z Means within a column with no common superscript differ significantly (P < 0.05). 4). The sulfury odor and flavor of samples irradiated at 2.0 kGy were significantly higher than those of nonirradiated breasts. For turkey ham irradiated at 2.0 kGy, however, panelists could detect sulfury odor but not sulfury flavor (Zhu et al., 2003) , which could be due to the intensive cured flavor of turkey ham that masked the sulfur flavor. This result suggested that meat products such as turkey breast rolls, which do not have an intensive flavor, might need additional additives or other strategies to prevent the negative flavor induced by irradiation.
In conclusion, irradiation influences the quality of RTE turkey breast rolls. Results of sensory panelists and analysis of volatiles showed that irradiation, especially at 2.0 kGy, significantly influenced the odor and flavor of turkey breast rolls under vacuum packaging conditions. The formation of benzene and toluene during irradiation Means within a row with no common superscript differ significantly (P < 0.05).
raises a concern about the chemical safety of irradiated RTE meats. Therefore, strategies to prevent negative changes in the quality of irradiated RTE turkey breast rolls are needed.
